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Hydride Vapor-Phase Epitaxy Reactor for Bulk GaN Growth
Vladislav Voronenkov,∗ Natalia Bochkareva, Andrey Zubrilov,
Yuri Lelikov, Ruslan Gorbunov, Philipp Latyshev, and Yuri Shreter
Ioffe Institute, Politehnicheskaya 26, St. Petersburg, 194021, Russia
An HVPE reactor for the growth of bulk GaN crystals with a diameter of 50 mm was developed.
Growth rate non-uniformity of 1% was achieved using an axisymmetric vertical gas injector with
stagnation point flow. Chemically-resistant refractory materials were used instead of quartz in the
reactor hot zone. High-capacity external gallium precursor sources were developed for the non-stop
growth of the bulk GaN layers. A load-lock vacuum chamber and a dry in-situ growth chamber
cleaning were implemented to improve the growth process reproducibility. Freestanding GaN crystals
with a diameter of 50 mm were grown with the reactor.
I. INTRODUCTION
The chloride-hydride epitaxy is the primary method
of bulk GaN substrate production. The HVPE method
allows to grow epitaxial layers of high purity and to pro-
duce uncompensated semi-insulating material [1]. The
structural perfection of HVPE-grown layers is deter-
mined by the seed substrate quality: the dislocation den-
sity in the epitaxial layers grown on the bulk GaN sub-
strate does not exceed the dislocation density in the sub-
strate [2–4]. The HVPE method is also promising for the
epitaxy of high-purity device structures [1].
The high process temperature, together with the chem-
ically aggressive substances involved in the HVPE pro-
cess, makes the design of the reactor a challenging
task. Gallium, ammonia, and hydrogen chloride react to
some extent with most heat-resistant materials, including
quartz, often used in HVPE reactor design [5–15], which
leads to degradation of reactor parts and unintended dop-
ing of the grown crystal. The exclusion of quartz from
the hot zone of the reactor is known to reduce the level
of unintentional doping significantly [1, 16]. The typical
HVPE reactor layout with a gallium source located in-
side the hot zone of the reactor, near the growth chamber,
imposes considerable restrictions on the growth chamber
design, limits the source capacity, and complicates the
reactor maintenance.
The process is usually performed at near-atmospheric
pressures, which makes the gas flow prone to free convec-
tion and recirculation [10, 12, 17] and makes it difficult to
obtain a uniform thickness distribution and supress the
parasitic growth on the injector nozzle at the same time.
In this paper, a reactor designed for growing bulk GaN
layers with a diameter of 2 inches is described. To ensure
long-term non-stop growth processes, a high-capacity ex-
ternal precursor source was developed, and the gas flow
pattern in the growth chamber was optimized to suppress
the parasitic growth at the injector nozzle completely.
Heated exhaust lines and a large-capacity powder trap
were used to prevent clogging. To reduce the time be-
tween growth processes, a vacuum load-lock chamber was
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used. Chemically resistant materials were used in the hot
zone of the reactor to reduce possible crystal contamina-
tion and to increase the lifetime of the reactor parts. The
uniformity of the deposition rate and the V/III ratio of
less than 1% was obtained.
II. GROWTH SYSTEM DESIGN
A. Modeling procedure details
1. Chemical equilibrium analysis
To calculate the chemical equilibrium, a hierarchical
method was used [18–21]. Thermochemical properties
of substances were sourced from [22–28]. No prelimi-
nary assumptions were made about the composition of
the system; all species for which thermochemical data
were available in the sources [22–28] were accounted for
in the calculation. Ideal gas behavior was assumed.
2. CFD calculation
The self-consistent calculation of gas flow, heat trans-
fer, particle diffusion, and surface reactions was per-
formed in a two-dimensional radially symmetric approx-
imation by the finite volume method [29]. Surface re-
actions were taken into account under the assumption of
a kinetically limited thermodynamic equilibrium: surface
reactions were assumed to be infinitely fast except for the
decomposition of ammonia into hydrogen and nitrogen,
which was assumed to be kinetically inhibited. This ap-
proximation is applicable at typical GaN growth temper-
atures, which are in the range of 900–1100 ◦C. The GaN
deposition process at these temperatures is limited by dif-
fusion through the boundary layer or thermodynamically
limited [30–34], and the process of ammonia decomposi-
tion on the surfaces is kinetically limited [35, 36].
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Figure 1. (a) The main products of gallium chlorination in a mixture of hydrogen chloride with inert gas at a ratio of
1:1. (b) Decomposition of gallium monochloride produced in a gallium boat at a temperature of 800 ◦ C with a decrease
in temperature. Liquid gallium is formed at temperatures lower than the chlorination temperature. (c) Equilibrium vapor
pressure over condensed gallium trichloride.
B. External boat
The aim of implementing the external boat was to sim-
plify the reactor design and service. External boat vol-
ume is not constrained by the dimensions of the reac-
tor hot zone, and precursor refilling can be conducted
without disassembling the reactor. The main technical
limitation when designing an external source is the need
to transport gallium precursors at temperatures compat-
ible with metal pipelines and conventional vacuum elas-
tomeric or metal seals, i.e., at T < 200 ◦C. This require-
ment can not be fulfilled using conventional chlorination
process performed at temperatures above 600 ◦C, where
the main product of the chlorination reaction (Fig. 1a)
is gallium monochloride, formed by the reaction
Galiquid + HCl→ GaCl + 1
2
H2, (1)
that decomposes with condensation of metallic gallium,
at temperatures below the chlorination temperature (Fig.
1b).
One known way to overcome this problem is to use an
organometallic [37–39] or organometallic chloride [40–42]
precursor that is converted to gallium monochloride in
the hot zone of the reactor by reaction with hydrogen
chloride or by decomposition, respectively. The draw-
back of this approach is the possible carbon contamina-
tion and the formation of condensed carbon co-products
[43].
Another possible way is to use gallium trichloride
[41, 44–46], that can be evaporated from a bubbler
[41, 44, 45], or produced in a high-temperature boat by
chlorination in excess of chlorine [46], or by chlorination
at temperatures below 300 ◦C, where the main prod-
ucts of the chlorination reaction are GaCl3 and its dimer
Ga2Cl6 (Fig. 1a) formed in the reaction:
Galiquid + 3HCl→ GaCl3 + 3
2
H2 (2)
Gallium trichloride condenses only at temperatures be-
low 200 ◦C (Fig. 1c), which makes it possible to transport
it through pipes heated to moderate temperatures in the
range of 100–200 ◦C, depending on the degree of dilution
by the carrier gas and the process pressure.
Gallium trichloride can be used directly for the syn-
thesis of GaN by the reaction
GaCl3 + NH3 = GaN + 3HCl, (3)
however, high supersaturation of this reaction can lead
to a parasitic reaction in the gas phase [47], also, the
growth of the Ga-polar GaN surface is unstable due to
the steric effect [48].
To avoid this, GaCl3 can be reduced to GaCl by reac-
tion with hydrogen in the hot zone [49]:
GaCl3 + H2 → GaCl + 2HCl (4)
In this case, GaN deposition proceeds by the same reac-
tion as in the reactor in the internal boat:
GaCl + NH3 → GaN + HCl + H2. (5)
Two types of external sources of gallium trichloride
were successfully tested: an external boat with gallium
chlorination at a temperature of about 200 ◦C, and a
bubbler evaporator filled with dry GaCl3. In both cases,
GaCl3 was delivered to the growth chamber through
pipes heated to a temperature below 200 ◦C.
The external boat was a vacuum-tight ceramic vessel
with metal flanges with an elastomeric seal. Inside was
a container filled with gallium; the surface area of liq-
uid gallium was about 100 cm2. The gallium container
was heated to a temperature of about 200 ◦C by an ex-
ternal resistive heater. During growth, 100 – 300 sccm
of HCl diluted in nitrogen was fed into the boat, which
corresponded to a 33 – 100 sccm GaCl3 flow at the out-
let of the external boat. The chlorination efficiency at
a given temperature and flow was close to 100%. The
total flow at the exit of the boat was about 500 sccm.
The entire system was thermally insulated to maintain
the temperature of the walls and piping above the con-
densation point.
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An alternative GaCl3 delivery method using a bubbler
evaporator has also been tested. The bubbler with a ca-
pacity of 1 liter was filled with gallium trichloride with a
purity of 99.9999%. Before the growth process, the bub-
bler was heated to a temperature above the melting point
of GaCl3, usually 90 – 110
◦C, which was maintained by
a thermostat. The carrier gas was hydrogen or a mixture
of nitrogen and hydrogen. The total gas flow at the bub-
bler outlet was also maintained at around 500 sccm. Like
the external boat, the bubbler-based system was placed
in a heated enclosure to prevent condensation. Although
the bubbler system allowed to achieve results similar to
that obtained using the external boat, it had much more
stringent requirements for temperature stabilization ac-
curacy and was more difficult to service.
C. Growth chamber design
The reaction chamber (Fig. 2a) is vertical with hot
walls and external resistive heating that provides growth
temperature up to 1500 ◦C. All components of the growth
chamber are made of non–oxide ceramics and refractory
metals. The substrate with a diameter of 50 mm is placed
horizontally, growth surface up. The gas injector consists
of a set of coaxial tubes, implementing the stagnation
point flow pattern (Fig. 2b). Nitrogen is used as a carrier
gas. Gallium chloride is fed through the inner tube.
To completely prevent parasitic growth on the nozzle
of the injector, a relative saturation S of less than unity
is maintained on the surface:
S =
PGaClPNH3
PHClPH2
K(T ) < 1 (6)
where Px are the partial pressures of the corresponding
substances, and K(T ) is the equilibrium constant of the
GaN deposition reaction (5). The inert gas shielding be-
tween the ammonia supply line and the gallium supply
separates GaCl3 and NH3 and reduces PGaClPNH3 in the
vicinity of the injector. To fulfill condition 6, the presence
of hydrogen chloride and hydrogen in the injected gases
is also necessary. Since excess hydrogen is added to the
carrier gas transporting gallium trichloride from the ex-
ternal boat, hydrogen chloride formed in reaction (4) and
the remainder of the excess hydrogen are always present
in the internal tube of the injector during growth. The
calculation of the relative saturation field near the injec-
tor nozzle is shown in Fig. 2e. The relative saturation
on the surface of the injector S < 1, which corresponds
to the observed suppressed parasitic growth. Growth
campaigns with total deposited GaN layer thickness of
5.8 mm were conducted, showing no signs of parasitic
deposition on the injector.
During the growth process, the substrate can be ro-
tated at a rate of 10–100 rpm, typical rotation rate used
during bulk crystal growth process was 20 rpm. The
purpose of the substrate rotation was to average minor
inhomogeneities caused by a possible slight displacement
of the substrate or substrate holder relative to the axis
of symmetry of the reactor or uneven wear of the heating
elements. The gas flow pattern remains unaffected by
the substrate rotation since, at a rotation rate of 20 rpm,
the azimuthal velocity at the edge of the substrate holder
is approximately 7 cm/s, which is an order of magnitude
lower than the forced gas flow velocity for the typical
growth parameters used (Fig. 2b).
D. Growth rate and ammonia partial pressure
uniformity
The advantage of the used injector design is a high
achievable homogeneity of the deposition rate and the V-
III ratio. The critical factor in achieving high deposition
homogeneity in this geometry is the suppression of free
convection. The driving force of free convection is the
difference in gas density associated with the temperature
gradient and the significant difference in the molecular
weight of the carrier gas and the precursors.
The predominance of free convection over forced con-
vection is expected at high values of the Rayleigh num-
ber [50]:
Ra =
gL3
νD
δρ
ρ
> 1708 (7)
and with a high ratio of the Grashof number to the
Reynolds number [50]:
Gr/Re2 =
(
gL3
ν2
δρ
ρ
)
/
(
uL
ν
)2
 1 (8)
where L is the reactor height, u is the gas flow velocity, p
is pressure, ν is kinematic viscosity, g is gravitational ac-
celeration, and δρ/ρ is the relative inhomogeneity of the
gas density associated with inhomogeneity of tempera-
ture δT/T and gas mixture composition. The nature
of the diffusion coefficient D depends on the origin of
the density inhomogeneity. If the density inhomogeneity
is determined mainly by the temperature inhomogene-
ity, then D is the thermal diffusivity, which for nitrogen
gas at a temperature of 1000 ◦C is ≈2.5 cm2/s. If the
density inhomogeneity is determined mainly by the con-
centration of a nonuniformly distributed substance with
a molecular mass substantially different from the mass
of the carrier gas, then D is the diffusion coefficient of
this substance. In the described reactor, the tempera-
ture gradients in the growth chamber are relatively small
and the density inhomogeneity is determined by the con-
centration of GaCl; the diffusion coefficient of GaCl in
nitrogen at T = 1000 ◦C is ≈ 1.3 cm2/s.
Rayleigh number depends quadratically on pressure:
Ra ∼ p2 (9)
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Figure 2. (a) Schematic drawing of the reactor growth chamber. (b) Calculated velocity field. Color represents the magnitute
of absolute gas velocity, streamlines show the laminar flow pattern without recirculation. (c) concentration field of GaCl. Lines
of equal GaCl concentration near the substrate are near parallel to the surface, demonstrating a uniform boundary layer. (d)
Concentration field of NH3. (e) Relative saturation field near the injector nozzle. Black countour line represents the level
of relative saturation S = 1. On the surface of the injector nozzle, S < 1, and parasitic GaN growth is thermodynamically
unfavorable. (f) Distribution of the growth rate and ammonia concentration across the wafer surface, and a cross-section
thickness profile of a 41 µm thick GaN film, measured by optical microscope.
and the Gr/Re2 scales quadratically with pressure and
the mass flow rate Q:
Gr/Re2 ∼ p
2
Q2
(10)
therefore reducing the process pressure and increasing
total gas flow rate are an effective method of suppressing
free convection. At the given growth chamber dimensions
and the gas flow rate, no free convection is observed at
pressures below 200 mbar.
The gas flow in the growth chamber of the reactor was
calculated, taking into account heat transfer, chemical
species diffusion, and surface reactions. The total process
pressure was 150 mbar; the substrate temperature was
1000 ◦C. The Reynolds number was Re ≈ 30, Rayleigh
number was Ra ≈ 500 and Gr/Re2 ≈ 0.5, that corre-
sponded to laminar flow without recirculation and any
evidences of free convection (Fig. 2b). The calculated
concentration fields of GaCl and ammonia are shown in
Fig. 2c,d. Ammonia is distributed uniformly over the
substrate. A uniform boundary layer depleted with GaCl
is observed near the surface of the substrate, where the
lines of equal concentration of GaCl are almost parallel to
the surface of the substrate. The estimated inhomogene-
ity of deposition rate and ammonia concentration along
the substrate diameter does not exceed 1%, as shown in
Fig. 2f.
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Figure 3. Equilibrium partial pressure of gaseous decomposition products of various materials in a mixture of GaCl:H2:HCl in
a ratio of 1:1:1 at atmospheric pressure: (a) quartz, (b) alumina, (c) zirconia, (d) boron nitride, (e) molybdenum, (f) tungsten,
(g) platinum; (h) summary diagram: total partial pressure of gaseous decomposition products over each of the materials.
E. Materials
Special attention was paid to the choice of reactor ma-
terials. Quartz, besides being a potential source of con-
tamination, is fragile and limits the ability to produce
parts of complex shape and high accuracy. The chemi-
cal resistance of commonly used refractory materials was
studied using chemical equilibrium analysis. For exam-
ple, the chemical resistance of quartz, aluminum oxide,
zirconium oxide, boron nitride, molybdenum, tungsten
and platinum in the gallium chloride injector nozzle was
estimated by calculating the equilibrium reaction prod-
ucts in a model mixture containing gallium monochloride,
hydrogen, and hydrogen chloride in a ratio of 1:1:1 (Fig.
3).
As can be seen, quartz and other oxide materials have
equilibrium pressures of decomposition products of more
than 10−4 atm at a temperature of 1000 ◦C (Fig. 3a,b,c).
The main decomposition products are water vapor and
metal chloride. Replacing quartz with boron nitride can
significantly reduce possible oxygen contamination; how-
ever, the equilibrium pressure of BCl3 at 1000
◦C is still
higher than 10−4 atm (Fig. 3d).
Molybdenum, tungsten, and platinum exhibit a sig-
nificantly lower pressure of the decomposition products
in the presence of hydrogen (Fig. 3e,f,g). It should be
noted that in the absence of hydrogen, molybdenum and
tungsten are not resistant to HCl [28].
Replacing quartz with refractory metals and BN allows
excluding one of the potential sources of silicon and oxy-
gen contamination, extend the service life of the injector
nozzle, and add flexibility in the design of the growth
chamber.
A detailed description of the thermodynamic study of
the chemical resistance of materials, as well as a SIMS
study of the concentration of impurities in the metals and
ceramics used, precursors, and the resulting GaN layers
will be published separately.
F. Exhaust line heating to prevent clogging with
ammonium chloride
Figure 4. The dependence of the sublimation temperature of
ammonium chloride on the partial pressures of ammonia and
hydrogen chloride.
The gases at the exit of the growth chamber contain
hydrogen chloride and ammonia, which react to form
5
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solid ammonium chloride with decreasing temperature:
HCl + NH3 = NH4Cl
The condensation of ammonium chloride in the exhaust
leads to reactor clogging and must be prevented to ensure
long continuous growth processes. Heating the exhaust
lines down to the powder trap prevents premature con-
densation.
The condensation temperature can be defined as
T condNH4Cl =
− (µ0NH4Cl − µ0NH3 − µ0HCl)
R ln(PHClPNH3)
. (11)
where pHCl and pNH3 are the partial pressure of GaCl
and ammonia, respectively, and µNH3 , µHCl, µNH4Cl are
the standard chemical potentials of the species. The de-
pendence of the temperature required to prevent NH4Cl
condensation on the partial pressures of hydrogen chlo-
ride and ammonia is shown in Fig. 4.
If gallium chloride does not completely react in the
growth chamber, the formation of the GaCl3:NH3 com-
plex is possible in the exhaust. This substance has a boil-
ing point of 438 ◦C [51] and requires significantly higher
heating of the exhaust compared to ammonium chloride
to prevent condensation.
III. LOAD-LOCK AND GROWTH CHAMBER
IN-SITU CLEANING
The vacuum load-lock chamber and the procedure of
the growth chamber dry etching do not directly affect the
crystal growth process, but improve the reproducibility
of the process and prolong the service life of the growth
chamber parts and the heater, and significantly acceler-
ate and facilitate the workflow. The load-lock chamber
is located in the lower part of the reactor, where the sub-
strate holder is moved before and after the growth process
for loading and unloading. Load-lock allows the reactor
to be reloaded without exposing the growth chamber to
the atmosphere and without thermal cycling. The use of
the load-lock also allowed to implement in-situ dry etch-
ing of the growth chamber before the growth campaign
and between the growth processes. The etching is per-
formed at a temperature of 1000–1100 ◦C in a mixture
of hydrogen chloride with hydrogen and allows to remove
the GaN deposits and the contaminants that have volatile
chlorides.
IV. BULK GAN LAYERS
Bulk GaN crystal with a thickness of 2.8 mm, grown on
a GaN-on-sapphire template using the two-stage growth
process [52], is shown in Fig. 5a. The growth rate
was 200 µm/h, the GaCl:HCl:H2 ratio was 1:2:2. The
crystal separated from the substrate during cooling af-
ter growth by spontaneous stress-induced self-separation
Figure 5. (a) Photograph of a freestanding GaN crystal
with a thickness of 2800 µm and a diameter of 50 mm. (b)
Cathodoluminescence micrograph of the Ga-face surface. The
dark spot density is below 2 · 106 cm−2 (c) Low temperature
(10 K) photoluminescence spectrum of the Ga-face of the crys-
tal.
[13, 53]. The as-grown surface was smooth, and the
density of V-shaped pits was less than 3 cm−2. Micro-
scopic examination showed that the v-pits were associ-
ated with macrodefects of the seed template and that
no new pits were formed during the bulk layer growth.
The (0002) X-Ray rocking curve FWHM was 51 arcsec.
Threading dislocation density estimated using cathodo-
luminescent microscopy by measuring dark spot density
was 2 · 106cm−2 (Fig. 5b). The optical quality of the
crystal was estimated by photoluminescence (PL). Low
temperature (10 K) PL spectrum of the Ga-face of the
crystal is shown in Fig. 5c. The dominant emission line at
3.473 eV that is usually attributed to the exciton bound
to a neutral donor [54], has an FWHM of 2.5 meV.
V. CONCLUSIONS
The developed reactor has proven itself in long-term
operation, with more than a thousand growth processes
carried out. Vertical geometry with stagnation point flow
provided high uniformity for both the growth rate and
the III/V ratio. Vacuum load-lock and in-situ growth
chamber etching proved to be useful in improving pro-
cess repeatability. High-temperature chemical-resistant
materials of the growth chamber used instead of quartz
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made it possible to increase the service life and pro-
vide an opportunity to reduce the unintentional doping
level. High-capacity external precursor sources, gas in-
jector with suppressed parasitic growth, and the heated
exhaust line allowed to grow bulk layers with thickness
up to 3 mm and higher in a single growth process.
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